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SmaiARY 



The analysis of results of v^^ind- tunnel stability 
and control tests of powered airplane models in terns of 
the flying qualities of full-scale airplanes is advocated. 
In order to indicate the topics upon which conLiients are 
considered desirable in the report -of a wind-tmnel 
stability and control investigation and to deTnons trate 
the nature of the sioggested analysis, the present NACA 
flying-qualities requirements are discussed in relation 
to wind-tunnel tests. General procedures for the esti- 
mation of flying qualities from wind-txmnel tests are 
outlined ♦ 



INTRODUCTION 



At the laboratories of the National Advisory Committee 
for Aeronautics and at laboratories maintained by various 
universities and independent agencies, wind-tunnel tests 
are often made to investigate the stability and control 
characteristics of particular airplane designs. Upon 
these tests are based, to a large degree, the decisions 
regarding changes and Improvements necessary in order to 
make the final product a satisfactory airplane. Unfortu- 
nately, however, the test results are in most cases not 
presented in such a manner as to permit their immediate 
use in making these decisions; instead, the wind-tiannel 
data are usually presented in coefficient form in a 
voluminous series of curves and tables. 

As judged in flight testing or service, the flying 
qualities of an airplane involve not dimensionless coeffi- 
cients, but dimensional quantities - forces, velocities. 
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accelerations, angles, and other measurable items - v/hich 
actually define the stability and control characteristics 
of an airplane in flight. 

Various means may be employed for determining from 
v;ind-tunnel test data the particular dimensional values 
describing the airplane's flying qualities, but this type 
of analysis has not generally been considered the province 
of wind-timnel personnel. "It is believed, however, that 
the value of wind-tunnel tests would be increased con- 
siderably if an analysis of this nature were included in 
every stability and control investigation. Although the 
analysis would augment rather than replace the measured 
data as usually presented, the greater portion of the 
wind-tunnel report v/ould consist of a discussion of the 
actual flying qualities of the airplane. The inclusi-on— 
of such a discussion would eliminate the confusion often 
caused by merely presenting the test results, facilitate 
the practical application of tionnel data, and provide 
assurance that no flight difficulties will pass undetected 
because of failure to put the accumulated information to 
its proper use. In addition, test programs designed for 
this purpose could be planned more efficiently with regard 
to the amount of required testing. Many programs In the* 
past have been laid out arbitrarily vdthout a complete 
understanding of the manner in which the resulting data 
should be applied. This lack of londer standing has at 
times resulted in insufficient data concerning trim condi- 
tions and considerable unnecessary data for untrimm.ed 
conditions. 

The purpose of this paper is to outline a suggested 
form of presentation of the results of a stability and 
control investigation in terms of flying qualities as de- 
fined in reference 1 and to systematize and revLew 
briefly the analytical work required for this type of 
presentation. No effort is made to specify definite test 
procedures. 

Keference 2 contains a review of testing technique 
for use with powered wind-tunnel models and a fairly" 
complete discussion of most^ of the standard tests neces- 
sary for the accumulation oif data used in the suggested 
analysis. It should proveuseful in the preparation of 
any stability and control test program. Although flight 
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measurements and observations are made with respect to 
the airplane body axes, the use of the "stability" axes 
as recommended in reference 2 v^rill probably be satisfac- 
tory for the normal range of test conditions, and these 
axes are used throughout the present paper. 

cvi 

CVI 

It is assumed that all necessary tunnel corrections 
^ will be made before any analysis is attempted and that 

the measured data will be sufficiently accurate for use 
in predicting flight characteristics with reasonable 
precision. 

The NAG A requirements for satisfactory flying 
qualities, as explained in detail in reference' 1, are 
used as a basis for the procedure suggested herein and 
constitute the list of subjects on which it is believed 
comments should be made in the presentation of wind- 
tunnel data relating to stability and control. The com- 
plete series of tests is not considered essential for 
every airplane; the list of requirements is included in 
its entirety for the purpose of pointing out the desired 
form of analysis for any phase of stability and control 
investigated. 

It is realized, of course, that the requirements for 
satisfactory flying qualities may undergo constant re- 
vision with time. By methods similar to those indicated 
in the present paper, however, wind-tunnel tests may be 
used for the investigation of any revisions of the present 
requirements or for the investigation of a completely 
different set of criterions. 

For purposes of clarity and convenience, each of the 
present NACA flight requirements is given in the text, 
accomDanied by recommendations regarding its relation to 
tmnel testing. 

Unless otherv/ise specified or-imnlied, the require- 
ments should be investigated for all conditions of flight, 
special attention being given the conditions that appear 
to be the most critical. 



COEPFIGIENTS AND SYIilBOLS 



airplane v/eight, pounds. 

area of wing (imless accompanied by subscript a, 
e, or r denoting aileron, elevator, or ' 
rudder), square feet 

wing span, feet 

mean aerodynamic chord (M.AoG,), feet 

root-mean- square ele.vator chord^ feet 

root-mean-square .aileron' chord, feet 

root-mean-square rudder chord, feet 

tail length (distance from center of gravity to 
elevator hinge line), feet 

angle of stabilizer setting with respect to thrust 
line, degrees, positive when leading edge is up 

aileron deflection, degrees, positive when 
trailing edge is down 

elevator deflection, degrees, positive when 
trailing edge is down 

rudder deflection, degrees, positive when 
trailing edge is to left 

airplane angle of attack (thrust line), degrees 

9 

angle of attack at tail, degrees 

angle of sideslip, degrees, positive when right 
wing is forward 

angle of yaw, degrees, positive v/hen left iving is 
forv/ard = - p) 

airspeed, feet per second 

mass density of air, slugs per cubic foot 



dynamic pressure, pounds per square foot 
airplane mass, slugs (w/g) 
relative density factor (-^J 
lift coefficient (^^"^J 

pitching-moment coefficient about center of 
,^ /pitching moment 

s''"^'^^ — ^i? — . 

rolling-moment coefficient about center of 



gravity polling moment \ 



yawing-moment coefficient. about center of 
• , / yawing moment \ 

s"-""^'^ (.^fs ) 

lateral-force coefficient ( l^^^Q^al force \ 

\ qS / 

rolling velocity, radians per second 

elevator hinge-moment coefficient 



/ elevator hinge moment \ < 



aileron hinge-moment coefficient 



/aileron hinge momentX 
\ qca^bo / 



rudder hinge -moment coefficient 
^rudder hinge moment \ 



qcp^t 



rolling-moment coefficient due to rolling 



yawing-moment coefficient due to rolling 



stick force, pounds 

linear travel at top of control stick, feet 



change in hinge-monent coefficient per degree 
change In angle of attack 

maximiom allowable load factor 



change in pitching -moment coefficient per degree 
change in stabilizer setting 



change in elevator hinge -inora'ent coefficient 
per degree change in stabilizer setting 

acceleration of gravity, feet" per. second per second 

change in normal acceleration in g "units 

time, seconds 



DETERMINATION OF PLYING QUALITIES 



The requirements for satisfactory flying qualities 
of airplanes have been given in reference 1 under three 
main headings, namely: 

I, Kequirements for Longitudinal Stability and 
Control 

II, Requirements for Lateral Stability and Control 

III, Stalling Characteristics 

Tlie present paper follows the outline of reference 1 and 
each of the flying-quality requirements is quoted directly. 

T. Requirements for Longitudinal Stability . and Control 

I-A: Characteristics of uncontrolled longitudinal * 
motion. 

"l^Tien elevator control is " defle c ted and released 
quickly, the subsequent variation of^normal accele- 
ration and elevator angle should have completely dis- 
appeared after one cycle," 
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Ihe technique of applying wind-tunnel data to flight 
has not yet developed to a state sufficiently advanced 
for the quantitative investigation of the short-period 
oscillation with controls free, which is the important 
factor in the consideration of this requirement. 

Control-free stability has been shovm in reference 5 
and by recent unpublished investigations not to depend as 
critically upon the' stability characteristics of the air-" 
plane as upon the design of the control system, particu- 
larly upon the weight moment, the aerodynamic balance, 
and the friction. These factors must therefore be con- 
sidered in any special study of this requirement. Work 
is now in progress at LMAL for the purpose of establishing 
procedures to make stich studies practicable. 

I-B: Characteristics of elevator control in steady 
flight. 

I-B-1.. "The variation of elevator angle with 
speed should indicate positive static • longitudinal 
stability for the following conditions of flight: 

a. With engine or engines idling, flaps 
and landing gear up or down, at all. speeds 
above the stall. 

* 

b. With engine or engines delivering power 
for level flight with flaps down (as used in 
landing' approach), landing gear down, at all 
speeds above the stall. 

c. With engine or engines delivering full 
pov/er with flap up at all speeds above 120 per- 
cent of the minimum speed. 

For each of the specified flap and pov/er conditions, 
data are assumed to be available in the form of pitching- 
moment and hinge-moment coefficients against lift coeffi- 
cients, as shown in figure 1. These curves may be 
obtained either from constant-power runs or from cross 
plotted constant-thrust data. In the absence of definite 
idling data for the engine^propeller combination, the zero- 
thrust condition is considered a satisfactory representa- 
tion of the idling condition. 

The slope of the curve of C^^ against C^ is a 
valid measure of static stability in power-on flight only 
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where Cm = 0. The slope at the trim point might be 
considered for each of a nimber of elevator settings, but 
a curve of 6e against Cl or airspeed represents a 
more direct comparison with flight and is useful in in- 
vestigating several other requirements. The curve shown 
in figure 2(a), which vvas obtained by cross plotting for 
Cm - 0 on figure 1, possesses a negative slope indicative 
of the required stable variation. The curve should be 
plotted to the stall in every case because, although full- 
pov^^er stability below 120 percent of the manimum speed is 
not an absolute requirement, it is highly desirable. 

A sufficient number of elevator deflections within 
the trim range should.be tested 'to provide for a dependable 
curve of 5@ against ' Cy^ or' airspeed. Complete test 

runs with elevator deflections that will not provide trim 
in the flight range, hov^ever, are not necessary and need 
not be made. For the investigation of elevator effective- 
ness at high deflections for landing conditions and maneu- 
vers, tests should be made only at high lift- coefficients. 

In addition to the regular elevator runs, one set of 
measurements should be taken for the investigation of the 
take-off requirement, as explained in item I-E. 

The terms "minimum speed" and "m.aximiom speed" as used 
in this and subsequent requirements should be interpreted 
as the minimum and maximum speeds specified by the designer 
or estimated for the airplane in free air. (In each test, 
the maximum and minimum values referred to are for the 
particular flap position and power being investigated.) 
Conditions- specified in terms of percentages of minimAim or 
maxlm-um speed should be represented by using the lift coef- 
ficients corresponding to the appropriate fiill-scale speeds 
at the appropriate altitudes, no attempt being made to use 
small- scale tunnel data for the determination of maximum 
and minimum speeds. If, however, the lift coefficient for 
a condition near minimuiTi speed falls on a nonlinear portion 
of the model lift cxirve, representation of this low-speed 
condition should not be attempted and a higher- speed con- 
dition should be substituted. 

•The center-of--gravity position considered as critical 
in the investigation of static stability should be that 
specified by the designer as the most rearv/ard position. 

Of considerable value in a study of this sort is the 
determination of the most rearward center-of-gravlty 
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position for neutral stability. The distance, in chord 
lengths, from this neutral point to the center of gravity 
under consideration is the so-called static margin. 
With power off, the static margin may be considered 
numerically equal, but opposite in sign, to the slope of 
the pitching-momeat curve at = 0, and the neutral 

<p point may be located by adding this value to the center 
of gravity about which the moments are plotted. This 
procedure is not correct for constant^pov/er operation 
because of the effect upon stability of the different 
tail loads associated with trim at different center-of- 
gravity locations. The power-on neutral point can be 

dC 

determined by plotting against two or three 

dUL 

center-of-gravlty positions and extending the curve to 

dCm 

— — = 0, As demonstrated in reference It, this curve 
dCL 

v/ill be a straight line, provided that the tail-lift curve 
Is linear. 

In order to use wind-tutmel data in this manner, it 
is not necessary to recompute the pitching moments for 
each horisontal center-of-gravity location. A graphical 
method i-3 illustrated v^ith the curves of figure 1, which 
are for a 0,25c center of gravity. It is desired, for 
example, to find the neutral point at Cl = 0.8. Prom 
the point at which Cl = 0 and = 0, straight lines 
are drawn radiating outward and intersecting curves for 
various elevator angles at = 0.8, For 6q = -6^, 

the pitching-moment slope is -O.O95, The slope of the 
radiating line for this point is 0.105 . The slope about 
a center-of-gravity location of 0.ll+7c (0.250-0.105=0.1)4.7), 
then, is equal to -0. 095 -0.105 = "O.I98. For 63 = -5^, 

the measured slope is -O.lOli and the slope of the radiating 
line is 0.052, giving a pitching-moment slope of -O.156 
about a 0.2l8c center of gravity. Repetition of the process 
for 5e = 0^ and 63 = 2^ supplies the data for the curve 
dC 

of against center of gravity shown in figure 5(a). 

Extended to zero slope, this curve shows the neutral point 
to occur at 0.572c. The procedure should be repeated for 
several lift coefficients, permitting the construction of a • 
curve of neutral points plotted against lift coefficients. 

^ If the pitching-moment curvc-s are so shaped that the • 
radiating lines may be drawn tangent to the curves, the 
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slope of each radlatS-'ng Line is niJjnerically equal (but 
opposite in sign) to the static margin for the lift coef- 
ficient at the point of tangency, and the neutral point 
is determined with no further consideration of different 
center-of-gravity locations. Figures 5(b) and 3(c) 
illustrate the determination of neutral points by this 
method, (The dashed lines represent pitching-moment 
curves and the solid lines A and 3 are the radiating 
.tangent lines. ) 

Both methods involving the radiating lines are based 
upon the ^'rctation^' method of moment transfers. This 
m.ethod is subject to some error at very high lift coeffi- 
cients inasmuch as it neglects the pitching moment due to 
drag.. As shown in reference 55 hov/ever, the method is 
sufficiently accurate for vise in the foregoing analysis. 

It is possible to express the graphical method il- 
lustrated in figures 1 and in terms of a mathematical 
formula involving the slopes of the pitching-moment curves 
for any two elevator .settings at the specified lift coef- 
ficient, the two pitching-moment coefficients, and the 
lift coefficient. Thus, for a given lift coefficient 
the static margin is found by the following expression: 



where Gm^ and Cms Q-3?e the measured pitching-moment 
coefficients for the two curves at the given lift coeffi- 



slopes at each point. 

If equation (1) is applied to the curves of figure 1 
for Cl = 0.8 and elevator curves of -6^ and -5^, 



Static margin 




(1) 



clent, and 




pit chi ng -mome n t 



Static margin = 



0.083 
0.8 



(-O.lOii.) 




-0.095 



0 . 083 

0.83 



= 0.123 
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Ths neutral point, then, is at 0,250 + 0,123 = 0.373 
(or 37,3 percent M.A.C.)« This point agrees with the 
value found graphically in figure 3(a). 

When a vertical center-of -gravity movement is to be 
considered, it may- be necessary to repeat the procedure 
for two or three vertical locations and to set up a locus 
of neutral points (which theoretically should be a 
straight line) for each desired lift coefficient. Refer- 
ence 4 contains an explanation of this method, as well as 
a more complete discussion of the determination of neutral 
points from wind-tunnel data. 

I-B-2. "The variation of elevator control force 

with speed should be such that pull forces are re- 
quired at all speeds below the trim speed and push 
forces at all speeds above the trim speed for the 
conditions requiring static stability in item 1." 

Although this requirement is shown to be met if, for 
each of the specified conditions, the elevator-free 
(Ch^ = 0) pitching-moment curve cross-plotted as shown 
on xigure 1 crosses the zero ordinate only when it 
possesses a stable slope, subsequent requirements make it 
desirable to plot an actual curve of stick force ap-ainst 
trim airspeed. This curve (fig. 2(b)) is obtained by 
converting to forces the hinge-moment coefficients for 
trim at different lift coefficients (fig. 1) and should 
be drawn for different trim-tab, flap, and power condi- 
tions. 

The requirement should be studied for the trim-tab 
settings giving trim at appropriate ranges of soeed in 
each condition. In the absence of I'-eliable test data for 
various tab settings, reasonable estimates may be m.ade 
from the tab-neutral data, by proper adjustment of the 
hinge-moment curves to simulate the effects of small tab 
changes. The shift in the hinge-moment curve may not be 
constant throughout the speed range but will depend on the 
dynamic -pressure ratio at the tail, 

I-B-3. "The magnitude of the elevator control 
force should everywhere be sufficient to return the 
control to* its trim position.'* 

Figure 2(b) shows a cuz-'ve of stick force plotted 
against trim airspeed, as used in item I-B-2. in the 
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absence of quantitative information concerning friction 
in the elevator control system, a valiie of 0,05 pound 
per mile per hour, as sugge^sied in reference 1, may be 
used as a minimum value for the slope near trim of the 
curve of elevator stick f orce • against airspeed (figo 2). 
For very large airplanes, however, this amoimt may not 
sufficient* 

I-B-4. "it should be possible to maintain 
steady flight at the minimum and maximum speeds re- 
quired of the airplane 

Examination of curves of elevator deflection against 
airspeed of the type shown in figure 2(a) v/ill supply the 
desired informationo It is assumed that the tests are 
made at a Rej^nolds. number sufficiently high that data 
near the stall will be fairly reliable. When this is 
not true, the minimum-speed trim cannot be investigated 
unless the curves can be extrapolated beyond the model 
stall. • ^ 

I-Cs Characteristics of the elevator control in 
accelerated flight. 

I-C-1. "By 'use of the elevator control alone, 
it should be possible to develop either the allowable 
load factor or the maximum lift coefficient at every 
speed." 

Although it may be desirable to check this requirement 
at several lift coefficients, an Investigation at only one 
critical lift coefficient Is^ecessary if the previous 
static -stability requirements have been met. The initial 

^Lmax 

lift coefficient to be studied will be Cl = The 

model arrangement considered in the accelerated flight 
studies should be that corresponding to the airplane in 
its maneuvering condition. 

Reference 6 gives a method for estim_ating the elevator 
deflections required for different normal accelerations in 
a pull-up maneuver. V\fith a slight variation, the method 
can be applied to steady-turn maneuvers. It is possible 
to rearrange and simplify the formula of reference 6, ex- 
pressing it in a form more suitable for use v/ith wind- 
tunnel data for a particular airplane* The equation for 
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required elevator deflection then becomes: 



d5 



e 



di^ 



(2) 



where 

A6e change in elevator deflection, from trim setting at 
the initial lift coefficient . 

ACni change in steady- flight pitching-moment coefficient 
between the initial lift coefficient and the final 
lift coefficient v/ith the elevator set for trim at 
the initial lift coefficient. 



Some difference may exist between computations made 
for steady turns and for pull-ups because of the difference 
in the change in angle of attack at the tail due to the 
curved path, Aat* In a steady turn tightening from 



57* 3 Gt^ f^^iax 



c 



L 



2li 



ax. 



In general, unless the amoiont of static stability and the 
relative density are quite small, the difference between 
the two maneuvers will be slight enough to permit coverage 
of the various accelerated-maneuver requirements by the 
consideration of the steady turn alone, and the examples 
given in the following paragraph are confined to this 
maneuver. If it is desired to investigate the pull-up 
from to the Identical procedure may be used 

but the change in angle of attack at the tail will be 

In both maneuvers, the normal acceleration 

^TjHiax 



and the change in normal acceleration, if a start from 
level flight is assumed, will be 

^ ^Lmax 
Aan - - 1 
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In the following steady-turn examples, sea-level operation 
is assujried. It should be remembered, however, that the 
altitude must be taken into account in any actual investi- 
gation. 

The determination of the elevator characteristics in 
accelerated maneuvers involves the- use of pitching- 
moment and hinge-m.oment curves for both stabilizer and 
elevator variations, as shown in figures I4." and 1. These 
curves should be plotted for a constant thrust coeffi- 
cient, the value of which is determined by Cj, and the 
rated power for the maneuvering condition. If the initial 
lift coefficient investigated is low (as may be expected 
in the case of pursuit airplanes if nonnal values of load 
factor and G]^^^^ are used), the bhrust coefficient m.ay 

be sufficiently close to zero to permit the use of idling 
or zero-thrust data. 



As indicated by the equation, the elevator deflec- 
tion must suDDly enough oitching moment to balance the tv/o 
'\ '-r - i dG^ ^ 

factors ACm and l^ah\—~. The amount of deflection 

necessary to balance ACj^ is merely -the difference between 

the elevator settings for trim at Ct and at Ct . The 

^nax 

additional deflection is required to overcome the damping 
of the horizontal tail. (For a conventional airplane, the 
damping effects of the v/ing, fuselage, and other airpLane 
components are considered negligible in comparison with the 
damping of the horizontal tail.) 

Tiie use of equation (2) can best be demonstrated by a 
sample solution for a steady- turn maneuver for a 6000-poimd 
airplane with a tail length of 16.5 feet and a wing -area of 
250 square feet. The airplane has a maximum up-elevator 
travel of 25^ for a 10-inch travel at the top of the con- 
trol stick, with an essentially linear variation of 5^ 
with X. Pitching-moment and hinge-moment coefficients 
for the mane m^e ring condition are shown in figures 1 and 
If a maximum lift coefficient of I.5 and an allowable load 
factor of 9 are assumed, the lift coefficient investigated 

= ^~ = 0.17. Figure ij. gives -0.028 as the value 

dCj^ " 

for -TT-^. The relative-density factor 
^^t 



6000 

^ 52.2 X 0.002578 X 250 X 16.5 
= 18.99 at sea level' 

The term 

-Aat — = ^—-^ -n p. 028 

dit 2^ \Gl Cj^^J 

^' ^,7.3 X 0.17 /1^. 0^\ ^^^3 
57.98 \O.i7 1.50/ 

= 0.063 

The elevator setting for trim at = O.I7 is 1.8°, 

as shown by point A in figure 1. The setting for trim 
at Cl = 1.5 (point B) would be -8,6°. Adding a • 
pitching-moment increment of. 0,063 at this point results 
in point C, which shov/s the elevator angle required for 
the maneuver to be -12. 5°. A total upward deflection 
of lij..5° from the original trim position is required; 
this deflection is within the limit of available travel. 

I-C-2. "The variation of elevator angle with 
normal acceleration in steady turning flight at any 
given speed, should be a smooth curve which every-' 
where has a stable slope." 

If all previous criterions are assumed satisfied, 
this requirement will be met if the pitching-moment 
curves of figtire 1 and the variation of with ©g 

and v/ith i^ as determined by cross-plotting from 
figures 1 and ij. are all smooth curves. 

If so desired, the method used in item I-C-1 can be 
applied by keeping constant at any value and by 

using in place of Ci^^^ a lift coefficient that gives 

any particular value of Aa^^. Various normal accelera- 
tions can be used and plotted against the required 1-^ 
elevator angles as in figure 5. 

I-C-3. "For airplanes intended to have high 
maneuverability, the slope of the elevator-angle 
curve should be such that not less than ij. inches of 
rearward stick movement is required to change angle 
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of attack from a Ct of 0.2 to Ct in the 

^ ^ax 

maneuvering condition of flight." 

The elevator deflection for the steady turn starting 
from Cl = 0.2 in straight flight and tightening to Ct 

may be taken directly from figTire 5» The angle can "be 
converted to stick movement by consideration of the 
mechanical linkage, data for which was previously given. 
Figure 5 shows the deflection to be ll^.l^-, corresponding 
to a stick movement of 5«6 inches. 

I-G-li. "As measured in steady turning flight, 
the change in normal acceleration should be propor- 
tional to the elevator control force applied." 

If curves of Ch cross-plotted against 5^ ^^r 
Cni 0 (as illustrated in fig. 1) are smooth, this re- . 
quireraent vfill be met, provided that requirement I-G-2 has 
been satisfactorily fulfilled. 

I-C-5* "The gradient of elevator control force 

in pounds per unit normal acceleration, as measured 
in steady turning flight, should be within the 
following limits: 

a. For transports, heavy bombers, etc., 
the gradient should be less than 50 pounds per. g 

b. For pursuit types, the gradient should 
be less than 6 pounds per g. 

c. For any airplane, it should require \a:i 
steady pull force of not less than 50 pounds to 
obtain the allowable load factor." 

Although this item may be investigated for several 
initial lift coefficients, theory indicates that the force 
per unit normal acceleration is independent of the trim 
speed. Unless the slope of the pi tching -moment and hinge 
moment curves vary appreciably with lift coefficient, the 
force in pounds need only be computed for the elevator 
deflection required for the development of allowable load 
factor (iterfi I-C-1). Tnls force should be less than SLbl^ 
for pursuit types, less than 50^^n ^'or heavy bombers, 
and more than 30 pounds in any case. 
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The stick force for the maneuver may be computed by 
the eqization: 




(3) 



whe re 



ACh difference between Cho for the Initial elevator 
setting at and C},^ for the final elevator 

setting at Cr (item I-G-1). 

The operation of the suggested formula can be demon- 
strated by an exainple applied to the airplane investigated 
in, item I-C-1 . The root-mean-square chord of the elevator 
is l.Ii. feet aiid the elevator span is 15 feet. The dif- 
ference between Ghp • at point A and C-^ at noint C 
(fig, 1) measures 0:'02Sb; flgiore k gives" . 0006 as the 
Q^^he 

value lor — . The computations then proceed as follov/s: 
ai t 

do^ 



dCh 

Aat 



d;c 10/I21._ 

= 0.52)1 ■ ■ . 

^1^(0.1/142 . £42\ . 



dlt 57.98 * \0.i7 1.50^ 
- 0.0015 

. 2^ Cl 250 X 0.17 " -^"^^'^ 



P - 0.52l|. X (0.0286-0.0015) X 11.I.1.2 X- X 15 

= 51 • 5 pounds 

The force gradient, then, •ij- pomds per g, 

which is reasonably close to the specified limit for pur- 
suit airplanes, and the force is greater than 50 poionds • 
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It is possible, through the use of the principle of 
axis rotation employed in item I-B-1, to investigate the 
elevator deflections and stick forces in accelerated 
maneuvers for any centerr-of-gravlty position. If, for 
example, the steady- turn maneuver discussed in the pre- 
vious paragraphs were investigated for a center of gravity 
located at 21.8 percent of the mean aerodynamic chord 
rather than at the 25-percent position used in figure 1, 
the radiating line representing a forward center-of- 
gravity movement of 0.032c (fig. 1) would be used. At 
Cj, = 0,17, this line shov/s the elevator setting for trim 
at the new center-of -gravity location to be 1.5^^. At 
Cl = 1«5, the distance = 0,062 (the damping 

dCjTi 

term Aa-j- — — ^ which for practical purposes may be con- 
dit * 

sidered independent of center-of-gravity position) is 
measured from the radiating. line rather than from the 
Cni = 0 axis, and indicates a final elevator setting of 
-16.7^. The hinge-moment coefficients for 5e = 1.5 
*at Cl = 0.17 and for 5e = -I6.70 at Gr = I.5 are now 
used instead of points A and C to determine the value 

of ACin to beu:sBd.ln place of 0*0286 in the stick-force 

e 

equation, 

I-D: Characteristics of the elevator control in 
landing . 

I-D-1. "(Applicable to airplanes with conven- 
tional landing gears only.) The elevator control 
should be sufficiently powerful to hold the. airplane 
off the ground until three-point contact is made." 

I-D-2. "(Applicable to airplanes with nose- 
wheel- type landing gears only.) V The elevator con- 
trol should be sufficiently powerful to hold the ji.-" 
airplane from actual contact with the ground until 
the minimum speed required of the airplane is at- 
tained." 

The elevator effectiveness in the presence of the 
ground may actually be investigated by use, for example, 
of the plate m.ethod described in reference 7 or of the 
combination half-ground-board and im.age model as employed 
in reference 8. These procedures, however, should not be 
necessary for consideration of the landing requirement. 
Through the use of the methods and data of reference 8, 
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the. change in angle of attack at the tail- flat can be 
estimated. The elevator deflection for the landing can 
then be found in the same manner as point C on figure 1 

dCj^ 

(item I-C-1) by use of Aat -r-r^ as the pitching-moment 

^^t 

increment. Por the case of the landing requirement, 

however, the data used will be for the flap-down idling 
condition, and the lift coefficient will be either the 
airplane maximum lift coefficient or the lift coefficient 
corresponding to the angle of attack determined by the 
three -point ground angle of the airplane at rest. Extra- 
polation beyond the model stall may be necessary for the 
representation of the full-scale landing condition. 

I-D-5c "It should be possible to execute the 
landing with an elevator control force which does 
not exceed ^0 pounds for wheel-type controls, or 
55 pounds v/here a stick- type control is used." 

The stick force for landing can be computed from 
equation (5) 

whe re 

Cii elevator hinge --mcrnent coefficient (vvith stabilizer 
® or trim tab set for speed of approach) for elevator 
deflection (item I-D-i or required for 

landing 

Aa^ chanp-e in angle of attack of tail computed for 
item I-D-1 or I-D-2 . 

The remaining terms have already been defined in item I-C-5* 

I-S: Characteristics of elevator control in take-off, 

. "During the take-off run, it should be possible 
to maintain the attitude of the airplane by means of 
the elevators at any value between the level attitude 
and that corresponding to .maximum lift after one-half 
take-off speed has been reached." 

For an airplane with a conventional landing gear, 
force and moment measurements at a = 0 should b© made 
for the take-off condition with the elevator set at the 
maximum available positive deflection and the center of 
gravity at its most rearv/ard position. The power condi- 
tion represented should be that corresponding to take-off 
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pov/er at one-half take-off speed. The measurements 
should, if possible, be made in the presence of a ground 
board or some similar device. In the absence of actual ■ 

ground representation, an approximation may be made 
ne'glecting the slipstream displacement and the resulting 
change in elevator effectiveness. By the same method 
as 'that employed in item I-D-1, Aat due to the presence 
of the ground can be estimated. The effective pitching- 

dCpi dCm 

momenl: coefficient Gj,J = Cj« + Aat — r^, where is 

dit dit 

obtained from curves similar to figure k but for the cor- 
rect power condition. This coefficient can be converted 
to an effective pitching moment M' = Cj^^'qiiSc, where 
corresponds to the sea-level dynamic pressure at a speed 
equal to one-half the take-off speed.' The lift at this 
speed is L]_ = ^iC^S; it is believed that the ground effect 
on lift is sufficiently small that it may be ignored in 
this problem.. 

Figure 6 presents a sketch showing the information 

necessary for the .study of the criterion. The normal 
force at the v;heel, P^.; ^ W . The friction force 

Pp - ^Pw^ where f is the coefficient of rolling fric- 
tion, the value of which can be obtained from reference 9* 
The requirement is met if the term '.'M^ + hPy^ - tPpi. does 
not have a positive value. 

If the sample airplane is used as an example, it may 
be assumed that: The values of C-^ and sl^*© measured 

as -0.32 and 0,I{.0, respectively; the dynamic pressure at 
6ne-half take-off speed is 6.0; reference 8 shows 

= 5 •6^; curves similar to figure I|. for the flaps- 
neutral, take-off pov;er condition give = -O.Oij-0; 

t 

h = 1.1 feet and t = 4,9 feet; and reference 9 gives 
f = 0.-0$. Then, 

Cjn = -0.52 .+ 5.6 (-0.04) 
= -Q.5k 

M«' = ^0.514, X 6.0 X 250 X 6.i|.5 
= -5225 foot-pounds 

Li = 6.0 X 0.1^0 X 250 

= 600 pounds 
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P^y = 6000 - 600 
- 5^+00 pounds 

= 0.03 X 51^00 
= 162 pounds 

+ hp,^ - tPp = -5225 + (1.1 X 5)_^oo) - ([{..q X 162) 
= -5225 +59^0 - 79)1. 
= -79 foot-pounds 

The total pltchin.3 moment has a 'negative value, and the 
requirement is met. 

If the geometry of the airplane is such that the 
weight moment in the three-point attitude appears suf- 
ficiently increased to overbalance the diving moment 
(v/hich in the three-point attitude is increased consider- 
ably because of the airplane »s stability and the more 
potent ground effect), the procedure may be repeated for 
this attitude. 

For an airplane with a tricycle landing gear, a 
similar analysis may be made. In this case, however, 
the critical angle of attack v/ill be that determined by 
the three-wheel ground angle, and the most forward center- 
of-gravity position will be critical for a given airplane 
weight. Maximum up-elevator deflection is required here, 
rather than maximum dowu^ele vator deflection, and the 
requirem.ent v.^ill be m.et if the resultant pitching moment 
is greater than zero in a positive direction. 

I-F: Lim.its of trim change due to power and flaps. 

I-P-1. "i¥ith the airplane trimmed for zero 
stick force at any given speed and using any combina- 
tion of engine pov/er and flap setting, it should be 
possible to maintain- the given speed v/ithout exerting 
push or pull forces greater than those listed belov/ 
when the power and flap setting are varied in any 
manner v/hatsoever. 

a. Stick- type controls - 55 pounds push 
or pull. 

b. Wheel-type controls - 50 pounds push 
or pull." 
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"If the airplane cannot be trimmed at 

low speeds with full use of the trimming device, the 

conditions specified in item 1 should be- met v/lth 

the airplane trimmed full tail-heavy," 

By comparison of the stick-force curves (fig, 2(b)) 
for the various flap and power conditions the combination • 
of flap-setting and power changes that v/ill cause the 
greatest changes in trim can be determined. At any 
speed, the difference in forces required for the two 
extreme conditions at the same trim setting should not ' 
exceed the specified limit'. 

For a complete investigation, curves for different 
trim-tab settings covering the range of settings required 
■for trim in the^ different ' flight conditions should be used. 
When reliable curves for different tab settings are not 
available., the investigation should be restricted to the 
determination of power and flap trim changes v/ith trim tabs 
neutral. This investigation may not reveal the most 
critical conditions, however, because of the possible vari- 
ation in trim-tab effectiveness in different flight con- 
ditions. 

The critical center-of-gravity position for the trim 
changes will in most cases be the most forward position 
rather than the most rearv/ard position investigated for 
static stability. 

I-G; Characteristics of the longitudinal trimming 
device. 

I-G-1. "The trimming device should be capable 
of reducing the elevator control force to zero" in 
steady flight in the following conditions: 

a. Cruising conditions - at any speed be- 
tween high speed and 120 percent of the' minimiun 
•speed, 

b. Landing condition - any speed between 
120 percent and ll|0 percent of the minimum speed." 

This item- can be investigated for each condition by 
two elevator -free curves similar to that shovm in figure 1. 
The curve fo:." maximum tail -heavy trim tab or stabill",er 
set tin.;.; and thecn.rve for the maximum, nose-heavy setting 
should intertiect the Cr^ = 0 line at tv;o points v/hich cover 
the specified range of speeds. 
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If the trlrrmdng device is a small ta-b, the study may 
be feasible only in large-scale investigations. It may 
be possible, hov/ever, to estimate tab effectiveness theo- 
retically from previously accuiaulated data - for example, 
the data presented xn reference 10 and in the various 

^ papers listed therein as references, 
m 

^ I-G~2. '^Unless changed manually, the trimming 

device should retain a given setting*^ indefinitely . 

Although the load on the trimming de\dce is, of 
course, determined by aerodynamic, forces, this reqiairement 
(I"Ct-2) is chiefly a problem involving the construction of 
the full-scale mechanism: its investigation in connection 
with v/ind-tunnel models will ordinarily be of no value. 

II, Requirements for Lateral Stability and Control 

II-A: Character?.stics of uncontrolled lateral and 
directional motion. 

II-A-1. "The control-free lateral oscillation 
should always damp to one-half amplitude within tv/o 
cycles . " 

II-A-2. 'HVhen the ailerons are deflected and 
released quickly, they should return to their trim 
position. Any oscillations of the ailerons them- 
selves shall have disappeared after one • cycle-. 

II-A-3. -SYhen the rudder is deflected and • 
released quickly, it should return to its trim posi- 
tion. Any oscillation of the rudder itself shall 
have disappeared after one cycle," 

In general, v/ind-tunnel study of this item, which is 
concerned with the control-free lateral oscillation and the 
oscillations of the lateral control surfaces, is impracti- 
cable for the reasons advanced in the discussion of uncon- 
trolled longitudinal motion. As stated in reference 1, 
hov/ever, the requirem.ent for damping of the control- free 
oscillation is not considered critical as a design con- 
sideration; experience has indicated that the uncontrolled 
lateral motion will usually be satisfactory when other 
requirements of fin area and dihedral are met. 
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II-B: Aileron-control characteristics (rudder locked). 

II~B-1, "At any given speed, the maximum rolling 
velocity obtained by abrupt use of the ailerons should 
• vary smoothly with the aileron deflection and should 
be approximately proportional to the aileron deflec- 
tion." 

Aileron data v/ill be assumed to be available in the 
form shovm in figure 7« The aileron tests should be made 
for all flap conditions; power-off runs will ordinarily be • 
sufficient, but the use of the power most commonly associ- 
ated with each flap condition would be desirable if con- 
venient.'. 

The information necessary for the study of this re- 
quirement can be obtained directly by inspection of the 
curves of rolling moment against aileron deflection 
(fig. J), which should be smooth and approximately straight 
lines. For standard -t3q:)e ailerons, the aileron-control • 
characteristics should ba most carefully considere.d in the 
high angle-of-attack range. For unusual latera;l-control 
devices, such as spoilers, the low speeds may not be 
critical, and equal attention should be paid to the aileron 
curves at lower angles of attack. 

II-B-2. "The variation of rolling acceleration 
v/ith time following an abrupt control deflection 
should alv/ays be in the correct direction and should 
reach a maximum value not later than 0.2 second after 
the controls have reached their given deflection." 

This requirement, which is intended for spoilers or 
other unusual lateral controls that may exhibit lag in the 
development of the rolling moment or initial rolling 
tendencies in the wrong direction, need not be given con- 
sideration in tests of airplanes equipped v/ith the conven- 
tional type of aileron. 

If necessary, the time lag and the initial adverse 
rolling moment associated v/ith the action of a lateral- 
control device can be measured in special v/ind- tunnel 
tests. Investigations of this nature are reported in 
reference 11. 

IIt.B-3- "The maximum rolling velocity obtained 
by use of the ailerons alone should be such that 
the helix angle generated by the wing tip. 
• pb/2V. is equal to or greater than O.O7 . . ." 
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The helix angle pb/2V. for the rolling velocity 
produced by a given aileron deflection, the effects of 
sideslip being neglected, is equal to Gj/Cj where Cj 

is the rolling-moment coefficient resulting from aileron 
deflection. It may be necessary to correct the value 
of C^,^ detei'mined from reference 12 for the section- 

llft-curve slope of the wing in question (i.e., multiply 

sectio n -lift-curve slooe per de.^treeA 
by ■■ o7o99"~'' ' ——)- The rolling- 

moment coefficient used should represent the maximum, total 
rolling moment produced by both ailerons at any one stick 
position. This position may not represent the maximum 
deflection if the aileron, effectiveness dropa off notice- 
ably at high deflections. 

Values of pb/2V computed from v^rind- tunnel data are 
likely to be somewhat higher than full-scale flight 
values. Adverse yaw at low speeds and v/ing twist and 
compressibility at high speeds are largely resr-onsible for 
this discrepancy. Although actual consideration of the 
losses in each case would be desirable if practical, an 
arbitrary coi'rection factor appears to offer the simplest 
means of arriving at valid flight values through the^use 
of tunnel data. Several recent attempts at correlation 
made at LMAL have indicated that O.SCi/Cjp may be used 

as a reasonable approximation of the airplane pb/2V. ■ 

For example, if the sample airplane has a wing with 
an aspect ratio of 6 and a taper ratio of O.5, reference 12 
gives a value of 0.146 for Cjp. Figure 7 shows the total. 

rolling-moment coefficient for maximum aileron deflection 
(2L|.O up, 20° doirm) to be 0.021 + 0.026 = O.Olj.7. The 

estimated airplane pb/2V, then, is 0.8(%|^j = O.O82, a 

satisfactory value. A curve of pb/2V plotted against 
total aileron deflection is shown in figure 3. The 
setting of each aileron for any total deflection is ob- 
tained from a linkage curve (fig. 9). 

It should be realized that O.O7 has been set as an 
absolute minimvjn value. The rolling capabilities of an 
airplane increase directly with pb/2V, and the greatest ' 
maneuverability in rolling is exhibited by the airplane 
with the highest value of pb/2V for its' span. This 
fact should be remembered especially when a large -span 
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fighter is b 
the same purpos 
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judged or when two airplanes designed for 
are being compared • 



II-B-ij-. "The variation of aileron control force, 
with aileron deflection should be a smooth curve. 
The force should everywhere be great enough to return 
the control to trim position." 



The aile.ron hinge -moment data of figure 7 can be used 
to develop; a curve of stick force against aileron deflec- 
tion. The 80-percent maximuin -speed condition and one low- 
speed condition should be investigated. The requirement 
that the control force should everwhere be great enough to 
return the control to trim position, aside from ruling out 
the possibility of a reversal of forces, is not specific; 
but in this case, as in that of item I-B-3, an arbitrary 
value might be set a3 a minimum slope of the curve of 
stick force against aileron deflection for a given speed. 



Prom data for th6 appropriate lift coefficient, the 
total aileron force for an air^plane i^olling steadily can 
be computed as 



IpV^baCa^ 
57-5 




dCh^ 



da 



v/here 



and are the aileron hinge -moment coef- 



ficients at the given up and down deflections, and 



d5 



and 



ad 



dx 



are the slopes in degrees per foot of the curves 



of aileron deflection against stick travel for each aileron 
at the appropriate deflection. A linkage curve of this 
nature is shown as figu.re 9» 1-^ the linkage curve is 
given in terms of angular stick deflection B the term 

d5a d5a 

should be rei^laced by 

dx d9 

in feet. 



divided by the stick length 



The term Aa used in equation (ij.)- is the change in 
effective angle of attack of the dov^^n-going wing. This 
term has a positive value and can be found for a given 
pb/2V as 

;'pb (iik.(^:r) 



Aa - 



.2V 
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The length y is the spanwise distance f-rom the fuselage 
center line to a point on the v;ing. . The location of 
this point varies with aileron shape, and to a certain 
extent^ with aspect ratio and taper. As indicated by 
the results of vinpuhlished investigations, however, it 
may be assumed for most conventional ailerons to be at 
10 percent of the aileron -span outboard of the inboard 
- •. : . - - ^if^ha 

aileron tip. The value of is obtained from 

curves similar to figure 7 for different angles of attack, 
dCha 

Unless varies considerably with aileron deflection, 

de- 
an average value may be used throughout the 5a; range. 

Figure 8 presents curves obtained by application of 
this m.ethod to the sam.iDle airplane (b = 38.75, y = 15 J|, 
ba = 9.88, ca = 1.09)/ 

II-B-5. "At every speed below 80 percent of 
maximum level^flight speed, it should be possible to 
obtain the specified value of pb/2V without ex^. 
ceeding the following control-force limits: 

a. Wheel-type controls: ±80 pounds ap- 
plied at rim of vmeel, 

b. Stick-type controls: ±50 pounds ap- 
plied at grip of stick." 

The stick force for the required pb/2V, as deter- 
mined from figure 8, should not^exceed the given limits. 
In the present example, figure 8 shows the force at 
pb/2V = 0.07 to be 59.9 poimds for the high-speed (80 per- 
cent maximum speed) condition. 

II-C : Yaw due to ailerons. , ■ 

"With the rudder locked at 110 percent of the 
minimum speed, the sideslip developed as a result 
of full aileron deflection should not exceed 200." 

Because the amount of sideslip developed in a full 
aileron roll depends largely upon dynamic factors, it has 
not yet been found practicable to estimate the sideslip 
simply on the basis of static tunnel test data. The com- 
plete solution involves the use of standard dynamic- 
stability equations similar to those discussed in refer- ' 
ence 6. With the aid of certain simplifying assumptions. 
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hov;ever, it is possible to set up a general expression 
for sideslip as a function of tine. 




The angle of sideslip can then be computed by substitu- 
tion in the formula for several values of time. The maxi- 
mum sideslip should not exceed 20^, An explanation of the 
constants and a more complete discussion of the problem and 
its solution are given in the appendix. 

Timnel data necessar;/ for the investigation of the 
requirement include aileron curves for the lov/- speed condi- 
tion (figs. 7 8) yaw curves • similar to figure 10 
for high and low power conditions, flaps both extended and 
retracted, at the lift coefficient corresponding as closely 
as possible to 110 percent of the minimum speed in each 
case. Prom the aileron curves, the aileron yav/ing--moment 

coefficient On and the helix angle pb/2V for the maxi- 

a 

mum aileron deflection can be found. These values and the 
direc ti onal- stabilit;/ data obtained from the yav/ curves' are 
used in the determination of the constants in equation (5)» 

II-D; Limits of rolling moment due to sideslip 
(dihedral effect). — 

II-D-1. "The rolling moment due to sideslip as 
measured by the variation of aileron deflection with 
angle of sideslip should vary smoothly and progres- 
■ sively with angle of sideslip, and should everywhere 
be of a sign such that the aileron is always required 
to depress the leading wing as the sideslip is in- 
creased.^' 

Rolling-moment coefficients can be obtained directly 
in yaw tests of the model with neutral ailerons. Curves 
of Ci against p (fig- 10), dravm for idling, cruising, 

and high powers, should be smooth and should possess 
negative slopes throughout, indicating positive dihedral 
effect. The range of sideslip angles Included in the 
tests should extend at least 10^ beyond the angle at which 
maximum rudder deflection will give trim in yaw. 

II-D-2. "The variation of aileron stick force 
with angle of sideslip should everywhere tend to 
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return the aileron control to its neiitral or trim 
position when released.'' 

This requirement may be investigated by a study of 
the stick-free effective dihedral, in a manner similar to 
that used in the study of stick-free stability in item I-B-2. 

For each of several combinations of left and right 
aileron deflections determined by the known aileron 
linkage, flap-up and flap-dovm yaw tests should be made* 
If practicable (that is, if the rudder is equipped with 
remote control), the rudder should be set as closely as 
possible for trim in yaw at each point. 

Curves of hinge -moment a.nd rolljng-mom.ent coeffi- 
cient against angle of sideslip (as in'^fig. 10) can be 
drawn for various total aileron deflections. The hinge- 
moment coefficient should be the total aileron hinge- 

moment coefficient Cha.^ + Cha^ where the 

d5a 

slope is that measured at the appropriate up or 

down aileron setting. 

The zero hinge -moment points can be spotted on the 
Cl curves, in the saxme manner as the zero "elevator hinge- 
moment points were spotted on the Cm curves in figure 1. 
The resulting curve will be a m.easure of the stick-free 
effective dihedral, which should be positive in order to 
satisfy the requirement • 

II-D-3. "The rolling m.oment due to sideslip 
should never be so great that a reversal of rolling 
velocity occurs as a result of yaw due to ailerons 
(rudder locked)." 

Although this reqiiirement actually dem.ands a theo- 
retical study similar to tha4^. of the yaw due to ailerons, 
a simple check of tunnel data may foe made which should 
give adequate indication of the ability of the airplane 
to meet the requiremxent . The check should reveal that 
the rolling-m^oment coefficient at the angle of sideslip 
developed with full aileron deflection and neutral rudder 
(determined in item II-C) is always considerably less than 
the rolling-moment coefficient contributed bv the full 
aileron deflection at zero yaw. 
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II-E: Rudder control characteristics, 

II-E-1, "The rudder control should everywhere 
be sufficiently powerful to overcome the adverse 
aileron yawing moment." 

The total . adverse yav/ing -moment coefficient 

to aileron plus Cnr> developed with maximim aileron 

P 2V/ 

deflection in the. 110-percent minimiam- speed condition, as 
previously determined for item II-C, should alv/ays be less 
than the yav/ing -moment coefficient at zero yaw contributed 
by maximum opposite rudder deflection. 

II-E-2. . "The rudder control should be suffi- 
ciently powerful to maintain directional control 
during take-off and landing/* 

The problem of rudder control will ordinarily be most 
critical on the take-off at the high-power low-speed con- 
dition. In this attitude (v/lth the flaps set to the 
prescribed angle for take-off) the rudder deflection 
necessary, for Gn = 0 and Cy = 0 is found. This re- 
quired deflection should not approach too closely the 
maximxm available travel. 

In figure 10, for example, the airplane shov/s trim in 
yaw and lateral force with 15*^ right rudder deflection at - 
8.5^ left sideslip. This anioimt of sideslip is normal in 
the take-off of a highly powered single-engine airplane. 

Although ground effect as related to this requirement 
may merit further study, the information available at pres- 
ent appears to indicate that the requirement may be investi- 
gated with sufficient accuracy vvith no ground representation. 

II-E-5. "The rudder control (on multiengine air- 
planes! should be sufficiently powerful to provide 
equiliiDrlum of yawing moments at zero sideslip at all 
speeds above 110 percent of the minimum take-off 
speed . . .with any one engine inoperative (propeller 
in low pitch) and the other engine or engines devel- 
oping full rated power." 

For the specified power conditions, flaps up and flaps 
dovm, curves of On and Chr similar to those, of figure 10 
should be drawn for different rudder deflections at the 
110-percent mdnimum-speed attitude. Yawing moment should 
equal zero at a rudder deflection well within the limits of 
travel . 



The "inoperative" engine should be the one whose 
failure v/ould cause the maximum asymmetry of thrust. 
It should be r\m at windmilling rather than at idling 
power. Reference 13 may be used as an aid in setting 
up test conditions to simulate the action of a dead 
engine being turned by a propeller, 

II-E-1^. "The rudder control in coniunction 
with the other controls of the airplane [should 
provide] the required spin-recovery" characteristics . 

Examination of this quality is not suitable for 
usual wind-tunnel programs. 

II-E-5. "Right rudder force should always be 
required to hold right rudder deflections, and 
left rudder force shoitld always be required to hold 
left rudder deflections." 

This requirement may be considered satisfactorily 
met if a curve of Cn against p for Chj, = 0 (as 

shown spotted on fig. 10) shows a reversal in the sign 
of Cn only where it possesses a positive slope. Al- 
though a stable slope of this curve would be desirable 
throvighout the sideslip range, it. is not considered 
absolutely essential provided the curve does riot cross 
the zero ordinate at any point at which its slope indi- 
cates instability. 

In the event that large trim-tab deflections appear 
necessary for reduction of pedal forces in straight 
flight, the possibility of a force reversal with the 
required tab setting should be considered. 

II-E-6. "The rudder forces required to meet 
the above rudder-control requirements should not 
exceed 180 pounds (trim: tabs neutral)." 

The highest pedal force computed from the rudder' 
hinge-moment coefficients associated with the deflections 
necessary to meet the foregoing rudder-control require- 
ments should be less than 180 pounds. 

II-P: Yawing moment due to sideslin (directional 
.stability). 

II-P-1. "The yawing moments due to sideslip 
(rudder fixed) should be sufficient:: to restrict the 
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yaw due to ailerons to the limits specified in • 
requirement (II-C-1)." 

This item is included in consideration of require- 
ment II-C. 

II-P-2, ^^The yawing moment due to sideslip 
should be such that the rudder always moves in the 
correct direction; i.e., right rudder should pro- 
duce left sideslip and left rudder should produce 
right sideslip. For angles of sideslip between 
±150, the angle of sideslip should be substantially 
proportional to the rudder deflection." 

A' curve of &r agains.t p can be plotted for 
= 0 (fig. 11),' supplying the necessary information 

for both portions of this requirement. The v/ords 
"left" and "right" should be interpreted as being rela- . 
tive to the normal trim pointy, inasmuch as rudder-neutral 
trim may not occur at zero sideslip' in some pov/er con- 
ditions . 

"The yawing moment due to sideslip 
(rudder free) should be such that the airplane will 
alwa7/s tend to return to zero sideslip regardless 
of the angle of sideslip to which it has been 
forced." 

The rudder-free curves drawn for item II-E-5 (fig.' 10) 
supply the necessary information for this requirement. 
As already mentioned, a stable slope is not demanded at 
every angle of sideslip^ but the signs of the yawlng-moment 
coefficient must not reverse in an -unstable direction. 

In tests of wind-timnel models in yaw, data should be 
considered for sideslip angles extending at least as far 
as 100 or 150 beyond the angle at which the maximum rudder 
deflection v/ill provide trim because an airplane may be 
forced accidentally to angles of this magnitude. The 
characteristics of the curves at greater angles of side- 
slip are of no concern in flight, Inasmuch as the angles, 
represent attitudes impossible for the airplane to attain. 

A considerable amount of testing and computing time 
may be saved by eliminating test points at high positive 
sideslip angles with large amounts of right rudder deflec- 
tions, and at high negative angles with large left rudder 
deflections . 



33 



II-P-I4.. "The yawing raomant due- to sideslip 
(rudder free with airplane trimmed for straight 
flight on symmetric power) should be such that 
straight flight can be maintained by sidesllppizig 
at every speed above 1I4.O percent of the ininimim 
cvj speed with rudder free with extrenie as;inTime try of 

power possible by the loss of one engine." 

A" yaw test in the ll4.0-percent minimurn- speed attitude 
with the rudder free to float seems to be the most direct 
approach to' the study of this requirement • With the 
rudder -trim tab set for straight flight on symmetric 
-power, the model should be operated with all motors 
simulating full rated power except the' one whose, failure 
would result in the greatest asymmetry of pov;er. This 
outboard engine shou.ld simulate the wincUniiling condi- 
tion. • 

Typical curves of yawing -moment and rolling-moment 
coefficients measured in, the rudder-free yaw run, are 
shown in figure 12.. Prom, aileron curves similar to 
those of figure 7, the total aileron deflection required - 
to balance the rolling moment at each -angle, of sideslip, 
and the yawing -moment coefficient Cn^^ ' associated with 
the total deflection, can be found. A- curve- of -Cr. 
is then superposed on the G^^ curve of figure 12. In 
order for the requirement to be met, the Cn curve must 
cross the = 0 axis, and the curves of and -G^^^ 

must intersect. 

II-G: Gross-wind force characteristics. • 

^'The variation of cross-wind force with side- 
slip .angle, as m.easured in steady . sideslips, should 
everjnvhere be such that right bank accom.panles right 
sideslip and left bank accompanies left sideslip." 

Inspection of the yaw curves should show that the 
slope of the curve of Cy against p is negative, as is 
indicated in figure 10. 

II-H:- Pitching moment due to sideslip. 

"As measured in steady sideslip, the pitching 
moment due to sideslip should be such that'' not more 
than 1^ elevator movement is required to maintain 
longitudinal trim at 110 percent of the minimum 
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speed when the rudder is moved 5^ right or left 
from its [original] position for straight flight." 

At the lift coefficient corresponding to 110 percent 
of the minimum speed, the trim rudder deflection for each 
power condition can be found as in Item II-E-2. For a 
rudder deflection first 5^ to the left and then 5^ to the 
right of the trim setting, and at the angle of sideslip 
for Cn = 0 in. each case, the pi tchlng-moment coefficient 
should net be sufficiently/ different from the pitching- 
moment coefficient at the trim point to account for a dif- 
ference of more than 1^ elevator deflection. The angles 
of sideslip involved are relatively small; it appears, 
therefore, that the use of elevator effectiveness data 
for unyawed flight (fig. 1, for example) is justified. 

II-I; Power of rudder and aileron trimming devices. 

II-I-l. "Aileron and rudder trimming devices 
should be provided if the rudder or ailerpn forces 
required for straight flight at any speed between 
120 percent of the minimum speed and the maximum 
speed, exceed 10 percent of the maximum values 
specified in requirements (II-.B-5) and (II-E-6), 
respectively, and unless these forces at cruising 
speed are substantially zero." 

The rudder hlnge«moment coefficients for straight 
flight at the specified speeds are obtained from yaw 
curves (fig. 10), the method of item II-'E-2 being used 
for the determination of s traight -flight conditions. The 
rolling-moment coefficient for each straight-flight atti- 
tude appears on the same cui^ves* The aileron settings 
required for trim in roll and the hinge-moment coeffi- 
cients for these deflections are deter^mined from aileron 
curves (fig. 7). 

If the difference between the maximum and minimum 
forces computed from the aileron hinge -moment data exceeds. 
8 pounds at the rim of a wheel or 5 po\:inds at the grip of 
a stick, the provision of an aileron trimming mechanism 
should be recommended. A similar recommendation should 
be made for a r\idder trimming device if the difference be- 
tween the maximum and minimum rudder forces exceeds 
l8 pounds. If the forces at the cruising condition are 
not substantially zero but the variations fall within the 
desired limits, the trim can be changed by rigging, and 
tabs need not be recommended. 
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II-I-2. "Multlengine airplanes should possess 

rudder and aileron trimming devices sufficiently 
powerful in addition to trim for straight flight at 
speeds in excess of ll\.0 percent of the mlnimiam 
speed with maximtun as77ininetry of engine pov/er," 

It is presumed that if aileron tabs are supplied for 
the model, data will be obtained in some form permitting 
construction of curves similar to those shown in figure 13 
For this requirement, as for requirement II-D-2, the hinge 
moment and rolling-moment coefficients are for the com- 
bined settings of both ailerons. 

The rolling-moment coefficient due to asymnietric 
power Cj^ can be measured in the' straight-flight atti- . 

tude representing ll+O percent of the minimum speed with 
the model motors representing the condition of " maximum 
asymmetry of power. A tab setting within the limits of 
travel should provide sero hinge-moment at an aileron de- 
flection required to balance this amount of rolling. On 
figure 13, for example, a tab angle of approximately 10° 
meets the requirement. 

A similar procedure can be used for the rudder. It 
would be desirable, if feasible, to study the requirement 
in a more direct manner by making strai:ght-f light me aau;re - 
jnents^of rollxhg-moment and yawing^-moment -.coafl^icients..-at 
various tab settings with rudder and properly linked 
ailerons free to float. The requirem.ent v/ould then be 
met if Gn and were found to equal zero at points 

within the limits of tab travel. 

Because the study of this item depends on the action 
of small tabs, the investigation of this requirement will 
probably be advisable only on models of fairly large 
scale. 

II- I-3. "Unless changed m.anually, the trimming 
device should retain a given setting indefinitely." 

This item does not appear suited for normal wind- 
tunnel investigation. 

III. Stalling Characteristics 

III- l. "The approach of the complete stall 
should make itself unmistakably evident through any 
or all of the following conditions: 
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a. The instability due to stalling should 
develop in a gradual but unmistakable manner." 

Tuft studies appear to be mandatory in connection- 
with this phase of the Investigation and with the stalling 
problem in general. Information concerning the flow 
phenomena and hence, to some extent, the behavior of the 
airplane at the. stall can be acqviired from observations 
of the action of tufts on the model as the angle of attack 
is increased until * the complete stall is reachedc The 
development of instability ' is usually gradual when stalling 
appears first at the wing roots and spreads gradually for- 
ward and outward in such a manner that the flow over the 
ailerons is the last to become disturbed. 

b. "The elevator pull force and rearv^ard 
travel of the control column should markedly 
increase . " 

The curve of elevator stick force against airspeed 
(fig. 2(b)) and the curve of elevator deflection against 
airspeed (fig. 2(a)) should each show a marked increase 
in slope as the stalling speed is approached. 

c. "Buffeting and shaking of the airplane 
and controls produced either by a gradual break- 
dovm of flow or through the action of some 
mechanical warning device, should provide unmis- 
takable warning before Instability' develops . " 

'Ih-is item is best studied in the wind tunnel through 
the tuft observations. Tuft behavior, for example, that . 
indicates an initial flow breakdown near the wing center 
section and, consequently, turbulence in the flow over the 
tail, is visually an indication that tail buffeting will be 
present. If a mechanical stall-warning device is intended 
for use on the airplane, the angle of attack at which the 
instrument gives its warning should be appreciably lov/er 
than the angle at which the tunnel results indicate that 
instability will develop. 

III-2. "After the com.olete stall has developed, 
it should be possible to recover promptly by normal 
use of controls." 

Although mechanical difficulties tend to diminish the 
value of any quantitative timnel measixrements beyond the 
stall, the tendencies suggested by measurements of 
pitching moment through the stall'" may be of some use in 
consideration of this requirement o 
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"The three-point landing attitude of 
the. airplane should be such that rolling or yawing, 
moments due ' to s tailing, not. easily checked. by 
controls, should not occur in landing, either 
three-point or with tail-first attitude 2^ greater 
than that for three-point contact." 

The angle of attack corresponding to the three-point 
ground angle of th^ airplane can be determined from 
drawings of the complete airplane. The angle of attack 
at which tuft studies indicate bad stalling in the flap- 
down, idling-pov/er condition should be more than 20 
greater than the ground angle. 



CONCLUDING REMARKS 



An attemnt has been made in the present paper to 
present m.ethods of analysis of wi.nd- tunnel tests in terms 
of flying qualities of airplanes. The suggested methods 
have been presented in an effort to demonstrate the 
practicability of this type of analysis and also to 
stimulate interest and discussion among design and test 
personnel. It is hoped that, with the cooperation of 
interested groups, more satisfactory methods will be 
developed in the near future. 

In -the present rather general treatment of the . 
subject, it has naturally .been Impossible to cover unusual 
cases that may require special treatment • If, for ex- 
ample, an airplane is provided with some mechanical device 
that influences the control forces in certain maneuvers 
although the measured items in the wind tunnel show no 
effect, this device should be considered in the study of 
the relevant requirements. In short, every effort 
should be made to regard the subject of the investigation 
as an actual flying aiz-^plane and not as a scaled-up repro- 
duction of a model. 

In conclusion, it is believed that wind-tunnel tests 
of powered models can, if properly analyzed, be used to 
examine the flying qualities of airplanes and to determine 
the extent to v^hich any particular airplane will satisfv 
requirements for satisfactory stability, control, and 
handling characteristics in flight. It is recommended 
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that this type of testing, analysis, and presentation of 
data be generally employed In wind tunnels engaged in 
testing airplane models for stability and control. 



Langley Memorial Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Langley Field, Va. 
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APPENDIX 



SIDESLIP IN AILERON MANEUVEflS 

Symbols and Definitions 

The- following terms, in addition to those previously 
defined, are used in the corapvitation of the sideslip angle 



n. 



'n. 



6c 



n 



rdc 



n 



r 
0 

Np and 



yawing -moment coefficient due to rolling 
yawing-momsnt coefficient Gi.ie to yawing 

yawing velocity, radians per second 

radius of gyration about Z~axis, feet 
(ink^;^ =3 yawing moment of inertia, I^J 

angle of bank, radians 

lateral-stability derivatives in terms of unit 
moment of inertia of airplane 



j--r 



2 

B = -yNp — 



The value of for the appropriate angle of attack 

is found by the use of reference 12. Reference ik may be 
used for the estimation of Cn • 



ho 



Sideslip Porirmla 



As stated in item II-C, the angle of sideslip 
developed by a conventional airplane in a rudder-'f ixed 
aileron ro,il may be expressed as 

P - 57*5Q<^1 + ^2 cos pt + k3 sin pt 



y;here 




= ki + k2 
^ pk3 - Ak|, 

After the constants have ;been evaluated, the side- 
slip angle may be determined for any value of time by 
substitution in equation {-^ ) • This substitution 
should be made for half-second intervals covering a range 
of time sufficient to allow the airplane to reach an 
angle of bank of 90^ (or less in the case of an extremely 
large airplane). 



kl 

Discussion 



CM 
OJ 

m 
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The angles of bank reached in a full-ailercn roll 
are far too large to permit the use of the usual assump- 
tion that .j2f = sin 0. .The customary solution must . ^* 
therefore' he further complicated, by the introduction of 
the sine of the angle in the equations of motion. 

The expression presented herein offers a somewhat 
s.implifled solution but suffers a corresponding loss in 
accuracy* The greatest possible source of error lies • 
in the fact that the derivation assumes tJie airplane to 
be rolling at a steady rate. The error introduced by 
neglect of the small initial period of acceleration is 
hot bblieved' to "be serious. " If / however, the assumption 
is applied to an airplane ;vith pronounced spiral insta- 
bility, it may be considerably in error after several 
seconds because the rolling velocity of the airplane would 
be^ increasing rather than remaining constant. ' Although 
the error in the assumed rolling velocity would lead to 
erroneous values of computed sideslip angles (indicating 
a peak rather than, an .ever-increasing sideslip), .it is 
believed that, for cbnventionaX airplanes with' reasonably 
effective ailerons, the brevity of the maneuver will per- 
mit the use of this method v/ith reasonable accuracy. 

The effect of the lateral-force derivative.'^ which is 
relatively small, is neglected. The equations upon 
which the solution is based are 



dB 



g sin 0 



dr 
dt 



rNp + 



where 




n. 



i2f = pt - 
and p is expressed in radians 



k2 



The equations may be comlDined and expressed as 

d2s dp pg . gNr . 

— 1 - KV— + pNp ^ — cos pt sm pt - Nq 

dt2 "^dt ^ V V 
The solution for p then becomes 

where and \2 roots of the equation ■ 

£^ . +. PNb = 0 



or 



2 



Ci and C2 are constants determined from the knowledge 

that and ^ are both equal to zero when t = 0, • 
dt 

The equation ;( 6 )■ for sideslip may be used for any dis- 
tinct values of \]_ and X2 other than zero. For a con- 
ventional airplane with even slightly better than neutral ■ 
directional stability, however, the term Ni.2 _ ij.Np 
will be negative, and the roots will take the form 
A t Bl. Substitution of these roots for and X2 

results in the expression 

P(radians) = + k2 cos pt + kj sin pt 
-e^'^Ckl^ cos Bt '+ k^ sin Bt) 



h3 

It should be noted, then, that if the term Np2 -ij.Np 

13 positive, the intermediate expression involving \\ 
and \2 ^nust be used instead of the final expression 
given in item II-C in terms of A and B. 
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Figure 1.- Fitching-iaoment and hinge-moment curves for a typical 
fighter airplane; 6f = 0;. idling power; = 0. 
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Variatioxi ci elevatox^ trim setting with lift coefficient 
for a typical li^^hter airplane-, % - Oy idling power. 
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(t) Variation of elevator stick force with trim airspeed for a 
typical fighter airplane at sea level; 6f = 0; idling power. 



Figure 2.- Elevator angles and stick forces for trim. 
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(b) Determination of neutral point from pitcMng-moment curves 
Sated povier, centor of gravity at 25 percent M.A.C., flaps 
neutral . 
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Lift coefficient, Cj^ 

(c) Variation of neutral point vrith lift coefficient. Rated 
power, flaps neutral. 



FiOTxe 3.- Concluded 
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Figure 4.- Fitching-racment a.nd hinge-mornent curvc-s for a tynical fisjiter air- 
plane} Of = O; 5q = O; Tc = Oo 
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Clian;^:e in normal acceleration, A a^, ,£fr. 



Fif^u-re 5.- Elevator deflection in steady- 
turn manewers. 
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Figure 6.^ Landing gpar-ceriter-of-gravity relationship. 
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Mglit aileron deflection, 6- , deg 



Figure 7.- Typical aileron curves. Power off, 5f = 0. 
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?ig:are S.- Variant ion of estimated helix angle and stick force 
with aileron deflection. 
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figure 9„- Aileron linicags for typical fighter airplane. 
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Figure IQ— Yolu curves Tor a typical tiqhter airplane. Rated 
poujer, 6f=0, oC=l4' 
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Figure 12.- Yawing-moment coefficient and rolling-moment coefficient 
curves req-uired for item II-'F-4, 



♦ 




Figure 13.- Aileron tab characteristics. 



